We develop a lower critical field (H c1 ) measurement system using the third-harmonic response of an applied AC magnetic field from a solenoid coil positioned above a superconducting sample. Parameter H c1 is measured via detection of the third-harmonic component, which drastically changes when a vortex begins to penetrate the superconductor with temperature increase. The magnetic field locally applied to one side of the sample mimics the magnetic field within superconducting radio-frequency (SRF) cavities and prevents edge effects of the superconducting sample. With this approach, our measurement system can potentially characterize surface-engineered SRF materials such as Superconductor-InsulatorSuperconductor multilayer structure (S-I-S structure). As a validation test, we measure the temperature dependence of H c1 of two high-RRR bulk Nb samples and obtain results consistent with the literature. We also confirm that our system can apply magnetic fields of at least 120 mT at 4-5 K without any problem of heat generation of the coil. This field value is higher than those reported in previous works and makes it possible to more accurately estimate H c1 at lower temperatures.
multilayer samples except for the case that a sample has a special geometry [14] . For these reasons, the H c1 measurement system using the third-harmonic response of an applied AC magnetic field from a solenoid coil [15] has attracted considerable attention in the context of thin film research for SRF application [16] , [17] . In the third-harmonic measurement method, the magnetic field is applied on one side of a sample. If the size of the solenoid coil is considerably smaller than the sample, the sample can be considered to be an infinite plane with respect to the applied magnetic field without the influence of edge effects. Furthermore, the third-harmonic measurement method affords non-contact and non-destructive measurements of the superconductor sample.
However, in previous researches based on the third-harmonic measurement method, the applied magnetic field was limited to 40-60 mT. Since the SRF cavity operates in the temperature range of 2 to 4.2 K, a solenoid coil that can apply even higher magnetic fields is required for accurate extrapolation to the H c1 value in the low-temperature regime [15] , [16] , [17] . Thus, in this study, we developed a third-harmonic H c1 measurement system equipped with a solenoid coil that can apply significantly higher magnetic fields than those reported in previous studies, and we verified that the system functions as an H c1 measuring device by measuring the temperature dependence of H c1 of two high-RRR bulk Nb samples.
The paper is organized as follows. In Section 2, we present an overview our measurement system: cryostat, sample and copper stage, simulations and measurements of the magnetic field from the solenoid coil, and measurement circuit. In Sec. 3, we present the measurement results of bulk Nb samples.
Subsequently, we analyze the third-harmonic signals and extract H c1 (T) of bulk Nb samples. In Sec. 4, we discuss the validity of our measurement system.
Measurement system

Measurement principle
We consider the situation in which the solenoid coil is placed on a type-II superconductor sample and an AC magnetic field (H ap ) is applied to the sample from the coil. In this situation, a shielding current flows on the surface of the sample to prevent the penetration of magnetic flux, and the voltage in the coil is induced from both the shielding current and the AC current in the coil itself. In the state where the superconductor prevents the penetration of magnetic flux (H ap < H c1 ), the shielding current completely follows H ap and the response is linear, and thus, the third-harmonic voltage is not induced. On the other hand, in the state wherein the magnetic flux penetrates the superconductor (H ap > H c1 ), the response of the shielding current is saturated and nonlinear. This causes a nonlinear voltage response in the coil, thereby generating a third-harmonic voltage. In our measurement system, the sample is first cooled with a zero magnetic field. Next, the temperature of the sample is slowly raised from that of the Meissner state while applying a 1-kHz AC magnetic field from the solenoid coil to the superconducting sample. At first, since the sample is in the Meissner state, the applied magnetic field is completely expelled; however, as the temperature of the sample exceeds a specific temperature, the applied magnetic field cannot be completely expelled, and penetration of the magnetic flux occurs. Subsequently, the third-harmonic component (3 kHz) is induced in the solenoid coil. At this time, we measure the field H c1 at this temperature by detection of the variation in the third-harmonic component. Further, we measure the temperature dependence of H c1 by repeating the measurement with various applied magnetic fields. The selection of the 1-kHz frequency in this measurement system was determined as per a previous study [15] .
Cryostat
Our experiment was carried out by cooling the sample with liquid helium (LHe) of approximately 25 L stored at the bottom of a cryostat. The cryostat consisted of an inner container and an outer tank. The inner container of the cryostat was composed of a cylinder with a diameter of 400 mm and depth of 1543 mm, and the cylinder had an extended section in the middle wherein the diameter was 610 mm and two GM refrigerators (ULVAC UR4K1040T and UR4K1060T) were mounted. LHe was supplied from a helium dewar by means of a transfer tube, and the LHe liquid level was monitored by an LHe level sensor.
Before cooling down, the space in between the inner container and outer tank was pumped down for thermal insulation, and the air in the inner container was substituted with He gas. The cryostat was equipped with two GM refrigerators to reduce LHe consumption during the experiments and was precooled by these GM refrigerators before LHe transfer. After the experiment, a heater, which was installed at the bottom of the inner cylinder, was turned on for LHe to be evaporated (see Figs (width 1 mm, length 37 mm) to prevent heat generation due to eddy currents (Fig. 4) . In our study, we used Cernox sensors for temperature sensing. One of the temperature sensors was directly in contact with the rear surface of the sample, and the three remaining temperature sensors were used to monitor the temperature of any given part of the stage. The sample was positioned between the two stages and bolted.
Copper stage
A gap distance of 0.05 mm between the sample surface and the solenoid coil was maintained with the use of 9 SiN balls (diameter of 3 mm) embedded in the coil stage. The solenoid coil and SiN balls were fixed to the coil stage with the use of epoxy adhesive (Araldite) (Refer also a similar setup developed in Kyoto University [18] , [19] ). 
Solenoid coil
The solenoid coil was required to be sufficiently small relative to the sample size (50 mm × 50 mm). To determine the size of the solenoid coil, we performed magnetic field simulations using Finite Element Method Magnetics (FEMM) [20] . The solenoid coil was positioned 0.05 mm above the sample boundary such that the actual setup was reflected in the geometry of the model. Figure 5 shows the simulated magnetic field profile of the solenoid coil based on the axisymmetric model and magnetic field strength of the sample surface along the radial direction. As regards the simulation result, the peak value of the magnetic field was determined as 111 mT with a current of 4.5 A upon assuming that the inner diameter of the coil was 2 mm, outer diameter was 5 mm, length was 5 mm, and number of turns was 176 (these values are the actual coil parameters reflecting the actual setup). In addition, the magnetic field at the sample edge (25 mm) was 0.4% of the peak, and thus, we considered the sample edge effect to be negligible. To confirm the validity of the magnetic field simulations based on FEMM, we measured the magnetic field at a point closest to the solenoid coil using a gauss meter (F. W. BELL Hand-held Gauss/Tesla Meter Model 4048) and compared it with the calculated result. Since the sensor thickness of the gauss meter was 1.3 mm, the magnetic field distribution at a distance of 0.65 mm from the solenoid coil was simulated and averaged using the cross-sectional area (2 mm × 3 mm) of the sensor. Figure 6 compares the measured magnetic field and the calculated result; there is a difference of 2.4% between the measured magnetic field and the calculated result. Therefore, the difference of 2.4% is taken into account as the correction factor for calculation of the applied magnetic field on the surface in our measurement. Consequently, the relationship between the magnetic field on the surface and the (corrected) coil current from the simulation result provides information on the applied magnetic field in our measurement system (Fig. 7) . 
Measurement circuit
Measurement results
In order to verify that our proposed device functions as an H c1 measuring probe for type-II superconductors and that a high magnetic field of ~150 mT can be applied to the sample, we tested two bulk Nb samples from the same Nb-plate production lot. The Nb plates used in this research were manufactured by Tokyo Denkai Co., Ltd. with a residual resistivity ratio (RRR) >300 and thickness of 2. 
Signal
The cooling down of the Nb sample to the Meissner state was performed without any application of the magnetic field, i.e., with zero magnetic field. The measurement was performed by fixing the applied AC current to the solenoid coil and slowly increasing the temperature. In this measurement, the heater output power was manually adjusted to maintain the temperature increase rate to 0.1 K/min or less to obtain a uniform increase in the temperature of the whole sample. Figure 9 shows the profile of the temperature in the measurement. The rate of temperature rise was calculated as 0.048 K/min from the slope of the red curve in Fig. 9 . Figure 10 shows the typical third-harmonic response vs. the temperature for the bulk Nb sample. A significant change in the third-harmonic signal is detected around 5.8 K when the applied AC current is 3.8 A. Ideally, the third-harmonic signal should remain zero until the first vortex penetrates the sample. In our setup, the AC magnetic field generated by the solenoid coil distorts the solenoid coil itself, and thus, the third-harmonic signal exhibits a DC offset. Next, we analyzed the third-harmonic signal strength to determine the temperature at which the vortex starts to penetrate the sample. Linear fitting was applied to the DC offset in the temperature range lower than the left onset, at which the third-harmonic signal starts to change drastically. Subsequently, the first point beyond the 3σ value determined from the distribution of the difference between each point and the linear fitting function was taken as the temperature at which the vortex penetrates the sample (penetration temperature). Because the variation in the penetration temperature for each measurement for the same value of the applied magnetic field is at most 0.1 K, the temperature error in each penetration temperature was uniformly determined to be 0.1 K.
The error of the applied magnetic field was determined from the deviation of the current value at each measurement point within this temperature error. The above measurement and analysis were performed repeatedly at various values of the applied magnetic field. The magnetic field was calibrated by converting the current applied to the solenoid coil into the corresponding magnetic field using the FEMM simulation results. In Fig. 11 
Discussion
In this measurement, a magnetic field at around 130 mT was applied to the sample at currents of up to 5 A without any problem of heat generation of the coil. Here, we note that the LHe temperature of 4.2 K determines the lower limit of the measurable temperature in Fig. 11 , and an even higher magnetic field can be applied in our measurement system. If heat generation of the coil is not taken into account, a value double the magnetic field can be applied in principle since the amplifier limit is 10 A. The reliability of our system is supported by the measurement result because the average value of 171 ± 2 mT at 0 K is reasonable when compared with the reported H c1 values (173.5 mT, 185 mT) from the references [21] , [22] .
It is also interesting to compare our measurement result with E acc of SRF cavities, which is thought to be limited by strong vortex dissipation at H c1 < H < H sh . Converting the average H c1 value at 2 K (162 ± 2 Since our measurement system can potentially apply high magnetic fields >120 mT to the sample and since the H c1 value of the bulk Nb can be measured to an accuracy of 1% in our experiments, the H c1 measurement of thin-film samples with high H c1 values, such as those of the S-I-S structure, can be performed with a relative value based on the H c1 value of bulk Nb, and this difference can be measured with an accuracy of 1%.
Summary
In this paper, we described in detail the construction of a third-harmonic-based H c1 measurement system and our H c1 measurement results for two high-RRR bulk Nb samples. The geometry of the solenoid coil was optimized via FEMM to apply a high magnetic field of above 150 mT to the sample and overcome sample edge effects. The H c1 values of two bulk Nb samples, whose surfaces were treated with the same process as that applied to the SRF cavity except for low-temperature baking, were measured as a verification test. The measurement was performed via slowly increasing (below the rate of 0.1 K/min) the sample temperature. A significant change in the third-harmonic response was detected at up to the LHe temperature, which is the limit of the measurable temperature in our system. As regards the measurement results, we obtained an average H c1 (0) value of bulk Nb as 171 ± 2 mT, which is consistent with the literature, and we found that a magnetic field of at least 120 mT can be applied to the sample without any problem of heat generation of the coil. This result suggests that thin-film samples can be measured and compared accurately with bulk Nb measurements by use of our measurement system.
